Conductive adhesives are widely used in electronic packaging applications such as die attachment and solderless interconnections, component repair, display interconnections, and heat dissipation. The effects of film thickness as functions of filler volume fraction, conductive filler size, shape, as well as uncured adhesive matrix viscosity on the electrical conduction behavior of epoxy-based adhesives are presented in this work. For this purpose, epoxy-based adhesives were prepared using conductive fillers of different size, shape, and types, including Ni powder, flakes, and filaments, Ag powder, and Cu powder. The filaments were 20 μm in diameter, and 160 or 260 μm in length. HCl and H 3 PO 4 acid solutions were used to etch and remove the surface oxide layers from the fillers. The plane resistance of filled adhesive films was measured using the four-point method. In all cases of conductive filler addition, the planar resistivity levels for the composite adhesive films increased when the film thickness was reduced. The shape of resistivity-thickness curves was negative exponential decaying type and was modeled using a mathematical relation. The relationships between the conductive film resistivities and the filler volume fractions were also derived mathematically based on the experimental data. Thus, the effects of surface treatment of filler particles, the type, size, shape of fillers, and the uncured epoxy viscosity could be included empirically by using these mathematical relations based on the experimental data. By utilizing the relations we proposed to model thickness-dependent and volume fraction-dependent conduction behaviors separately, we were able to describe the combined and coupled volume fraction-film thickness relationship mathematically based on our experimental data.
The probability of a continuous network being formed by filler particles in a matrix is related to the statistical average number of contacts each particle makes with neighboring particles and the maximum number of contacts per particle that are possible [33, 38] . At the critical point of network formation, the critical number of contacts per particle is given by C p = P c Z (1) where, P c is the critical probability of network formation, and Z is the maximum number of possible contacts, or coordination number (see Figure 1 ). Gurland [39] experimentally showed that the value of C p for a random dispersion of spheres in a matrix is 1.5. For spherical particles, C p is apparently a constant. The volume percentage of metal filler, P, in a matrix can be related to the average number of contacts per filler particle i.e., C p = f ( P c ). We assume a linear relationship [40] : f (P) = PZ/ P m (2) where, P m is the maximum packing fraction of the filler in the matrix. Combining the above two equations, we get:
For a random mixture of spheres, we have: C p = 1.5, Z = 6, and P m = 0.637. Therefore, P c is 0.159. This value is much lower than the experimental values. Based on this observation, Jantzen proposed [41] :
At the critical loading for network formation, we have: 
For the random sphere case as above, P c is 0.305, which also represents the critical concentration (volume fraction), V c , for the filler particles. This represents the point at which network formation begins and the sharp drop in resistivity starts. These equations do not adequately account for preparation technique, particle size distribution, or particle-particle interaction effects.
Network formation theories for flakes, fibers, and other irregular shapes are even less well developed. For irregular fillers with a completely random distribution, the critical value of P c is assumed to be the same as that for spherical fillers [42] .
Wei and Sancaktar [43] showed that in particle filled electrically conductive adhesives systems, the resistivity depends on the average length (S i ) of conductive adhesive paths between the conductive particles incorporated in the adhesive matrix. The average length of conductive paths can be defined as: S i = CL i (6) where, C is the conductive path factor, which is a function of the volume fraction, i.e., C = f () (7) and L i is the directional variable. Statistically, the conductive path factor is inversely proportional to the volume fraction. This implies that the average conductive path's length increases with decreasing volume fraction.
Contact Resistance
The resistivity of the filled adhesives containing spherical particles can be expressed by:
where, D is the diameter of the spherical filler, R s is the contact resistance, and m is the average contact number, which is a function of the particle volume fraction. 
The contact resistance R s can be determined [44, 45] by using the relation, R s = R c + R t (10) The constriction resistance is given by R c = ( 1 +  2 )/4a (11) where,  1 , and  2 are resistivities of the two particles in contact, and a is the contact area. The tunnel resistance, R t is given by,
where,   ( m 2 ) defines the tunnel resistivity.
Experimental Methods and Materials

Materials
In our research, epoxy resins (Epon 815C and Epon 830), and the curing agent (Diethylenetriamine DETA), obtained from Shell Chemical Company (Houston, Texas) were used. Epon 830, which is a DGEBA type epoxy, had an epoxide equivalent weight of [190] [191] [192] [193] [194] [195] [196] [197] [198] , and viscosity of 170-225 poise. Epon Resin 815C is liquid bisphenol A based epoxy resin containing n-butyl glycidyl ether. It had an epoxide equivalent weight of 180-195, and viscosity of 5-7 poise.
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The following conductive particles were used in experiments: Ag powder (4-7 m), Ni powder (3-7 m, see Figure 2 ), Ni flakes (1-5 m), Cu powder (6-7 m), Ni filaments (20 m diameter with 160 m or 260 m length respectively). Silver powders were purchased from Johnson Matthey Company (Ward Hill, MA); nickel particles were provided by Atlantic Equipment Engineering (Bergenfield, NJ); copper powder was purchased from Degussa (Cleveland, OH).
HCl and H 3 PO 4 , provided by EM Science (Gibbstown, NJ) were used for etching purposes.
Experimental Procedures
Adhesive Preparation
The preparation of the conductive adhesive was done as follows: First, the required amount of conductive particles was thoroughly mixed manually with epoxy resin. Then, as recommended by Turgut and Sancaktar [46] , 11% DETA was added to the above mixture and again mixed thoroughly. Two kinds of epoxy resins (Epon 815C, Epon 830), and three different kinds of particles (Ni, Ag, Cu) were used in the experiments. Also, different volume fractions of particles were incorporated, ranging from 25% to 60% by volume. Adhesive films were cast manually with the thickness of the film as an experimental variable. The uncured mixture was dispersed on a glass slide as a film, and the thickness was controlled by the thickness of the molds, which were made by multilayer adhesive tape. As recommended by Shell, the films were cured in an oven at 60 C for 3 hours.
Particle Etch Procedure
In order to remove the surface oxide layer, the nickel and copper particles were etched with 10% Hydrochloric acid (HCl) and 20% Phosphoric acid (H 3 PO 4 ) respectively [47] . The particles were covered with the etching solution for 5 minutes with occasional mixing. The particles were then rinsed with distilled water and allowed to dry in an oven at 120 °C (see Figure 2(b) ). As seen in Figure 2 with Ni powder, the etching procedure resulted in smoother particle surfaces, and thus, larger contact area between them to provide lower constriction resistance (see Equation 11 ). Electrical resistances of conductive adhesive were measured by employing the standard four-point probe method under laboratory conditions. The apparatus used was Micro-ohmmeter (Model 580, Keithley Instruments, Inc., Cleveland, Ohio). Resistivity was calculated from the bulk resistance of the ECA specimen. Two strips of an adhesive tape were applied (as a mold) onto a precleaned glass slide with a gap between these two strips. A conductive paste was then spread within the space by means of a doctor blade. The narrow sides of the film were covered with aluminum foils to facilitate measurement with the four-point probe. After cure, the bulk resistance of this ECA strip was measured by using a Keithley Micro-ohmmeter with a four-point probe. The effect of the mixture of different metal fillers, volume fraction, and thickness on the resistivity of the ECA was observed.
The film resistivity () was calculated by using the relation,
where, R is the measured resistance, L is the length of the specimen, which is also the length of the glass slide, w is the width of the specimen, which corresponds to the gap between the two adhesive strips, and h is the thickness of the conductive paste. Four specimens were tested for each experimental condition. An average bulk resistivity and standard deviation for each sample were calculated for each sample.
Results and Discussion
Thickness-Dependent Conduction Behavior
Experimental results for the thickness dependent conduction behavior are shown in Figures 3-12 . In all cases, the resistivity levels are reduced as the thickness is increased similar to our previous published findings [48] [49] [50] . Conversely, when the thickness is reduced significantly, the effective coordination number, Z is reduced, and therefore, the critical volume fraction requirement for network formation, P c , increases (see Equation 3 ). Therefore, a significant increase in resistivity is observed coupled with a significant increase in the slope of the resistivity-thickness curve.
The shape of resistivity-thickness curves is negative exponential decaying type. To describe this behavior, the function,
was utilized to fit all the curves. In Equation 14, t is the adhesive thickness (cm), and the parameters a, b, c represent material parameters to provide best fit to the data. We note that, in Equation 14, the parameter a represents the asymptotic resistivity level for (thick) films as the film thickness increases and approaches infinity. The parameter c affects the sensitivity of changes in resistivity  with the adhesive thickness, since it is an exponential parameter. In other words, it affects the slope of the decreasing portion of the  vs. t curve. The parameter b represents the breadth (vertical drop) of resistivity with increasing adhesive thickness.
Based on the adhesive thickness-resistivity data, and Equation 14, we used Sigma Plot function fitting program to fit all the points, and obtained all the parameters and fitting errors for each specific adhesive system. The parameters of all the curves are listed in Tables 1 and 2 . The thickness dependent resistivity behavior of conductive adhesive films containing three different volume fractions of nickel flakes are shown in Figures 3 and 4 . These figures reveal that the values of parameters a and b both decrease with the increasing volume fraction of nickel particles. The values of parameter c, however, remained at the same level. These figures also reveal that the resistivity level of the conductive adhesive film decreases with increasing volume fraction of metal filler due to larger number of particle network interconnections formed.
Comparison of Figures As mentioned before, two kinds of Epoxy resin were used in the experiments. Figures 3 and 4 show that for the same volume fraction of particles, higher resistivity levels are obtained with Epon 815C resin which has 5-7 Poise viscosity in comparison to Epon 830 resin which has 170-225 Poise viscosity. When epoxide polymers are mixed with metals to form a conductive polymer/metal composite, the early set viscosity is critical. In our case, the viscosity of Epon 815C is about 30-fold lower than Epon 830. According to Stokes's law, faster sedimentation of the metal particles is expected with lower polymer viscosities until the polymerization reaction can sufficiently increase the polymer viscosity. Comparison of Figure 4 (a) and 4(b) reveals 44% reduction in parameter a, and 20% reduction in parameter b when the higher viscosity resin is used with etched particles. With the unetched particles, however, the parameter a increases 43%, while b decreases 17% when the resin viscosity is increased (Figure 3(a,b) ). Changes in parameter c are not significant in either of these cases.
For the behavior of approximately spherical shaped powder particles, the results are shown in Figures 5 and 6 for nickel powder, Figure 7 for silver powder, and Figure 8 for copper powder. We can observe that the resistivity levels are reduced as the film thickness and the volume fraction of metal filler are increased. The values of parameters a, b and c all decrease with increasing volume fraction of particles. 
For the nickel and copper powders, oxide removal treatment also has a significant effect in reducing adhesive resistivity. Especially for untreated copper particles, no conduction can be obtained in the adhesive films without etching the particles. Comparison of Figures 5 and 6 , reveals the effect of nickel powder particle etching. We can observe that the unetched nickel powder induces higher resistivity in comparison to the etched powder. When the lower viscosity resin (Epon 815C) was used with etched particles, the values of parameters a, b and c dropped by as much as 69%, 88% and 15% respectively. The values of parameters a, b and c dropped by as much as 82%, 79% and 22% respectively, when the higher viscosity resin (Epon 830) was used with the etched nickel powder.
For the same volume fraction of nickel powder loading, the Epon 815C resin has a higher resistivity level than Epon 830 resin. Comparison of Figure 6 (a) and 6(b) reveals 15% reduction in parameter a, 27% reduction in parameter b, and 6% reduction in parameter c, when the higher viscosity resin is used with etched particles. With the unetched nickel powder ( Figure 5(a,b) ), the parameter a decreases 40%, and parameter b decreases 62% when the viscosity of the resin is increased. Changes in parameter c are not consistent, but the results still display a decreasing trend. 
Figures 7 and 8 show the thickness-dependent resistivity results for the silver and copper particles respectively. For silver powder, the parameter a values range between 2.9 to 0.1 -cm with the lower viscosity resin, but it is zero for the higher viscosity resin. Parameters b and c decrease by as much as 98% when the resin viscosity is increased. Figure 8 (a,b) reveals 55% reduction in parameter a, 48% reduction in parameter b, and 13% reduction in parameter c, when the resin viscosity is increased in the presence of etched copper particles. 
For the same amount of 160 m filaments loading, the resistivity level is less with the Epon 830 resin than the Epon 815C resin. Comparison of Figure 10 (a) and 10(b) reveals 43% reduction in parameter a, 50% reduction in parameter b, and 9% reduction in parameter c, when the higher viscosity resin is used with etched 160 m nickel filaments. With the unetched nickel filaments, (Figure 9(a,b) ), the parameters a and b decrease 24% and 43%, respectively, when the viscosity of the resin is increased. 
For the same amount of 260 m filaments loading, the resistivity level is less with the Epon 830 resin in comparison to the Epon 815C resin. Comparison of Figure 12 (a) and 12(b) reveals 61% reduction in parameter a, 25% reduction in parameter b, and 35% reduction in parameter c, when the higher viscosity resin (Epon 830) is used with etched nickel filaments. With the unetched nickel filaments, (Figure 11(a,b) ), the parameter a remains zero, parameter b decreases 52% and parameter c decreases 27%, when the viscosity of the resin is increased.
Our results on the thickness-dependent resistivity behavior of conductive particle filled epoxy resins reveal that the values of the governing Equation 14 parameters a, b and c depend on the particle filler volume fraction, etch treatment, prepolymer viscosity, particle type and particle shape. In unique case of the nickel flakes, the parameter c remains almost constant. Tables 1 and 2 list the parameters for all the curves shown in Figures 3-12 for comparison purposes.
Volume-Fraction Dependent Conduction Behavior
Examination of Equations 8 and 9 reveals the filled adhesive resistivity to be inversely proportionally to a power (n) of volume fraction . Thus, a 2-parameter power function of the type,
can be used to fit all resistivity versus volume fraction data. We note that since fractions are used for the parameter , lower values of exponent n, as well as lower values of the parameter A indicate lower film resistivity with the effect of n being much stronger.
Figures 13-21 and Tables 3 and 4 show the experimental results for particle volume fraction dependent conduction behavior. In all cases, the resistivity levels are reduced as the volume fraction is increased. In Figures 13-21 , the shapes of the resistivity-volume fraction curves are similar and they can be efficiently described by using the 2-parameter power function of Equation 15 .
Volume fraction-thickness dependent resistivity behaviors of etched nickel flake filled conductive adhesive films of three different thicknesses are shown in Figure 13 . We note that the values of parameters A and n both decrease with increasing thickness of adhesive film, indicating reductions in film resistivity. This is because thicker conductive adhesive films have more possibility of particle network interconnection formation, resulting in easier electrical conduction through the composite film. For example, with Epon 815C resin, increasing the film thickness from 0.04 cm to 0.06 cm, results in 20% and 5% decreases in A and n values, respectively, and a further increase to 0.14 cm, results in 47% and 8% reductions, respectively (Figure 13(a) ). The corresponding reductions are 3%, 10%, and 33%, 18% when Epon 830 resin is used (Figure 13(b) ).
By comparing Figure 13 (a) with Figure 13 (b) for the same thickness of adhesive film, we note that the parameter A has a lower value for Epon 815C resin in comparison to Epon 830 resin. This difference is as high as 82% with t = 0.14 cm. On the other hand, Epon 815C has higher values of exponent n than Epon 830. This difference is as high as 47% with t = 0.14 cm. Obviously, with the lower viscosity of resin 815C, the film resistivity is more sensitive to changes in the filler volume fraction as its exponent, n, is higher at all film thicknesses when nickel flakes are used. We also note that since fractions are used for  values in the Equation 15 , the lower values of the exponent n with the higher viscosity resin Epon 830 result in lower film resistivity values, with the effect of the parameter A being much less.
The results for film resistivity behavior with powder particles are shown in Figures 14 and 15 for unetched and etched nickel powders, respectively, in Figure 16 for silver powder, and Figure 17 for etched copper powder. We can observe that the resistivity levels are reduced as the thickness and the volume fraction of the metal filler are increased. The values of parameter A and n all decrease with increasing thickness of the conductive adhesive film. 
For unetched Ni powder with Epon 815C resin, increasing the film thickness from 0.04 cm to 0.06 cm, results in 9% and 6% decreases in A and n values, respectively, and a further increase to 0.14 cm, results in 27% and 26% reductions, respectively (Figure 14(a) ). The corresponding reductions are 34%, 22%, and 82%, 23% when Epon 830 resin is used (Figure 14(b) ). For etched Ni powder, with Epon 815C resin, increasing the film thickness from 0.04 cm to 0.06 cm, results in 59% decrease in A values, and 3% increase in n values. A further increase to 0.14 cm, results in 60% and 42% reductions in parameters A and n (Figure 15(a) ). The corresponding reductions are 47%, 5%, and 84%, 23% when Epon 830 resin is used (Figure 15(b) ). 
When we use Ag powder with Epon 815C resin, increasing the film thickness from 0.04 cm to 0.06 cm, results in 11% and 17% decreases in A and n values, respectively, and a further increase to 0.14 cm, results in 25% and 40% reductions in parameters A and n (Figure 16(a) ). The corresponding reductions are 8%, 1%, and 92%, 61% when Epon 830 resin is used (Figure 16(b) ). For etched Cu powder with Epon 815C resin, increasing the film thickness from 0.04 cm to 0.06 cm, results in 14% and 3% decreases in A and n values, respectively, and a further increase to 0.14 cm, Polymers 2011, 3 450 results in 37% and 5% reductions in parameters A and n (Figure 17(a) ). The corresponding reductions are 8%, 8%, and 33%, 10% when Epon 830 resin is used (Figure 17(b) ). The effects of powder particle etching can be further illustrated by comparison of Figures 14  and 15 . We can observe that the unetched nickel powder provides higher resistivity in comparison to the etched powder. These findings indicate removal of nickel oxide from the particle surfaces result in much diminished resistance. We also note that the values of parameter A decrease by as much as 71% with t = 0.06 cm for etched nickel powder. The values of the exponent n reduced as much as 28% with t = 0.14 cm for Epon 815C system, and increased by as much as 92% with t = 0.14 cm for the Epon 830 system. For the nickel powder (Figures 14 and 15) , with the same thickness of adhesive film, we note that the Epon 815C resin has a lower value of the parameter A than Epon 830 resin. This difference is as much as 85% (t = 0.14 cm) with unetched particles, and 33% (t = 0.14 cm) with the etched powder. On the other hand, Epon 815C has higher values of exponent n than Epon 830. This difference is as much as 66% (t = 0.14 cm) with unetched particles, and 33% (t = 0.14 cm) with the etched powder. Figure 16 reveals similar effects with the Ag powder. Going from resin Epon 815C to 830, the value of the parameter A increases by as much as 80% (t = 0.13 cm), and the value of n decreases by as much as 53% (t = 0.13 cm). With the Cu powder, however, the opposite trend is obtained (Figure 17) . Going from resin 815C to 830, the value of the parameter A decreases by as much as 80% (t = 0.15 cm), and the value of n increases by as much as 34% (t = 0.15 cm).
For the case of nickel filament addition, Figures 18 and 19 show us the behavior with nickel filaments of 160 m length, and Figures 20 and 21 give us the results with nickel filaments of 260 m length. From these figures, we can observe that the resistivity levels display a decreasing trend as the film thickness and the volume fraction of nickel filaments are increased. When increasing the thickness of adhesive film, the value of Equation 15 parameter A decreases and the value of parameter n increases.
When we use unetched nickel filaments of 160 m length in Epon 815C resin, increasing the film thickness from 0.06 cm to 0.19 cm, results in 78% decrease in the A value, and 27% increase in the n value (Figure 18(a) ). The corresponding changes are 73% decrease, and 20% increase, respectively, when Epon 830 resin is used (Figure 18(b) ). For the etched nickel filaments with Epon 815C resin, increasing the film thickness from 0.06 cm to 0.19 cm, results in 84% decrease in the A value, and 27% increase in the n value (Figure 19(a) ). The corresponding changes are 87% decrease, and 51% increase, respectively, when Epon 830 resin is used (Figure 19(b) ). 
For the nickel filaments of 260 m length, when we use unetched particles with Epon 815C resin, increasing the film thickness from 0.06 cm to 0.19 cm, results in 79% decrease in the A value, and 22% increase in the n value (Figure 20(a) ). The corresponding changes are 73% decrease, and 52% increase, respectively, when Epon 830 resin is used (Figure 20(b) ). For etched nickel filaments with Epon 815C resin, increasing the film thickness from 0.06 cm to 0.19 cm, results in 62% decrease in the A value, and 2% increase in the n value when the film thickness is increased from 0.04 cm to 0.06 cm (Figure 21(a) ). The corresponding changes are 86% decrease, and 9% increase, respectively, when Epon 830 resin is used (Figure 21(b) ).
At equal concentration, the unetched nickel filaments produce higher resistivity compare to the etched filaments. For the nickel filaments of 160 m length, the values of the parameter A with the etched particles dropped dramatically by as much as 94% (t = 0.19 cm) for the Epon 815C system (Figures 18(a) and 19(a) , and Table 3 ), and 97% (t = 0.19 cm) for the Epon 830 system (Figures 18(b) and 19(b), and Table 4 ). The values of the exponent n decreased by as much as 30% (t = 0.19 cm) with the Epon 815C system (Figures 18(a) and 19(a) , and Table 3 ), and 7% (t = 0.14 cm) with the Epon 830 system (Figures 18(b) and 19(b) , and Table 4 ), when etched particles were used. For the nickel filaments of 260 m length, the values of the parameter A with the etched particles dropped dramatically by as much as 93% (t = 0.19 cm) for the Epon 815C system (Figures 20(a) and 21(a) , and Table 3) , and 97% (t = 0.19 cm) for the Epon 830 system (Figures 20(b) and 21(b) , and Table 4 ). The values of the exponent n decreased by as much as 32% (t = 0.19 cm) with the Epon 815C system (Figures 20(a) and 21(a), and Table 3) , and 13% (t = 0.14 cm) with the Epon 830 system (Figures 20(b) and 21(b) , and Table 4 ), when etched particles were used. 
Comparing Epon 830 resin with 815C, for the same thickness of adhesive film, the 260 m nickel filaments approximately follow the same trend as nickel flakes, nickel powder, and silver powder. The parameter A has lower values with Epon 815C resin than Epon 830 resin. The average difference is as much as 17% with unetched filaments, and 4% with etched filaments. On the other hand, Epon 815C has higher values for exponent n in comparison to Epon 830. The average difference is as much as 16% with unetched filaments, and 6% with etched filaments. As for 160 m nickel filaments, the results display a mixed trend. Going from Epon resin 815C to 830, the values of parameter A increase by as much as 22% (average), and exponent n increase by as much as 4% (average) with the unetched filaments. For the etched 160 m Ni filaments, again going from Epon 815C to 830, the values of parameter A increase by as much as 45% (t = 0.08 cm), and the values of exponent n decrease by 13% (t = 0.19 cm). Tables 3 and 4 list the parameters for all the curves shown in Figures 13-21 for comparison purposes.
In all, we can conclude that the values of the parameters A and n are affected by the thickness of adhesive film, etch treatment, pre-polymer viscosity, particle type and particle shape. 
Establishing the Volume Fraction-Film Thickness Relationship
Earlier, we discussed the thickness dependent conduction behavior (Section 3.1). To describe that behavior, Equation 14 was utilized to fit all the curves. In Section 3.2, the volume-fraction dependent conduction behavior was investigated, and a 2-parameter power Equation 15 was used to fit all resistivity versus volume fraction data. From Equations 14 and 15, we can get:
Since a, b, and c are functions of the volume fraction Φ, and A and n are functions of thickness t, Equation 16 can be changed to:
In order to model the volume fraction-film thickness behavior mathematically based on our experimental data, we assumed that each parameter can be represented by an equation of the type:
This particular mathematical form was chosen, because it is the simplest function which efficiently represents the data available. For example, with etched nickel flakes in Epon 815C system, we get 3 data points from Table 1 for each data pair (Φ-a, Φ-b, and Φ-c). We can then get the parameters e, f and g of Equation 18 for a(Φ), b(Φ), and c(Φ). Similarly, from Table 3 , we get 3 data points for each of data pairs (t-A, and t-n), and thus, we can obtain the parameters e, f and g of Equation 18 for A(t) and n(t).
The calculation procedure can be illustrated by the following set of quadratic equations representing the volume fraction (Φ) dependent behavior of parameter a (Equation 16 ) for etched nickel flakes (Table 1) The parameters e, f and g of Equation 18 for a(Φ ), b(Φ ) and c(Φ) with various filled adhesive systems are listed in Tables 5 and 6 . The parameters e, f and g of Equation 18 for A(t) and n(t) with various systems are listed in Tables 7 and 8 . 
Conclusions
The major objective of this work was to study the conduction behavior of epoxy conductive adhesives with different volume fraction of particle fillers of different size, shape, and type. Two different epoxy adhesives (Epon 815C and Epon 830) of viscosities with 30-fold difference were used as the matrix material. As for conductive fillers, the following conductive particles of various shapes were used: Ag powder (4-7 μm), Ni powder (3-7 μm), Ni flakes (1-5 μm), Cu powder (6-7 μm), Ni filaments (20 μm diameter with 160 μm or 260 μm length). The effects of etching the filler particles were also considered. The results of this work lead to the following conclusions:
(i) For the film thickness dependent conduction behavior, the resistivity levels are reduced as the adhesive film thickness increases. Conversely, when the thickness is reduced significantly, the effective coordination number, Z is reduced, and therefore, the critical volume fraction requirement for network formation, P c , increases. Therefore, a significant increase in resistivity is observed coupled with a significant increase in the slope of the resistivity-thickness curve.
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The shapes of the resistivity-thickness curves are similar and typical, presenting a negative exponential shape.
(ii) For the particle volume-fraction dependent conduction behavior, the resistivity levels were reduced with increasing volume fraction. The shapes of resistivity-volume fraction curves are typical and display a negative power function curve.
(iii) Due to the presence of non-conducting nickel oxide, the unetched nickel particles always have higher resistivity than the etched ones. Similarly, the presence of copper oxide results in high resistivity for copper particles.
(iv) For the three different types of metal powders investigated, the order of film conductivity, from high to low was: silver, copper and nickel.
(v) As for the effect of particle shape on the adhesive film resistivity, we found that the order from high to low conductivity was: nickel filaments of 260 μm length, nickel filaments of 160 μm length, nickel flakes, and nickel powder. Thus, we can conclude that the particle aspect ratio is an important parameter in affecting the adhesive film resistivity; as the aspect ratio increases, the filled adhesive film resistivity decreases. Obviously, when the particle aspect ratio increases, the effective coordination number, Z also increases, and therefore, the critical volume fraction requirement for network formation, P c , decreases.
(vi) The parameters a, b and c, which are the coefficients of the exponentially decaying fitting function for the thickness-dependent conduction behavior, were found to be dependent on the particle filler volume fraction, etch treatment, prepolymer viscosity, particle type, and particle shape. For the unique case for nickel flakes, the coefficient c remained almost constant.
(vii) The values of A and n, which are the parameters of the mathematical relation used for describing the volume fraction-dependent conduction behavior, were found to depend on the thickness of the adhesive film, etch treatment, prepolymer viscosity, particle type, and particle shape. The values of the parameter A were found to be more sensitive to these factors than the exponent n.
(viii) By utilizing the mathematical relations we proposed to model thickness-dependent and volume fraction-dependent conduction behaviors separately, we were able to describe the combined and coupled volume fraction-film thickness relationship mathematically based on our experimental data.
